Introduction 49
Equine spinal motion has been assessed in great detail in vitro (Jeffcott and Dalin, 1980; 50 Townsend et al., 1983) and to some extent in vivo (Faber et al., 2000 (Faber et al., , 2001a Licka et al., 51 2001a, b) . Movement symmetry is changed when turning , which may induce 52 alterations in thoracolumbosacral kinematics, however this has not been investigated. 53 54 Optical motion capture is the current reference standard to capture thoracolumbar 55 kinematics with high repeatability (Faber et al., 2001a (Faber et al., , b, 2002 and has previously been used in 56 asymptomatic riding horses (Johnson and Moore-Colyer, 2009 ) and in sports horses with epaxial 57 muscle pain (Wennerstrand et al., 2004) . However, the constriction of camera calibration makes 58 it difficult and the high cost of multiple specialist cameras required to cover large areas (e.g. a 59 whole riding arena) makes it economically unviable to be used outside gait laboratories. 60
Preliminary work using inertial measurement units (IMUs) in non-ridden horses compared with 61 optical motion capture concluded that IMUs are a reliable and accurate tool to measure 62 thoracolumbar movement (Warner et al., 2010) . More Symmetry indices can be calculated to quantify movement symmetry between the movement 68 amplitudes of the two halves within each stride, while MinDiff and MaxDiff are used to quantify 69 the differences in minimum and maximum displacement of the body landmark to which the 70 sensor is attached, respectively, reached during and after the two stance phases. 71 72 HipHike difference (HHD) quantifies the difference in upward movement of each tuber 73 coxae during contralateral hindlimb stance and this measure reflects one of the visual 74 observations in horses with hindlimb lameness (May and Wyn-Jones, 1987) . When measuring 75 pelvic movement symmetry parameters (MinDiff, MaxDiff, HHD) quantifying the response to 76 diagnostic analgesia in horses with hindlimb lameness, the most consistent changes were 77 observed in MinDiff and HHD . 78
79
There is evidence that saddle slip consistently to one side occurs in approximately 50% of 80 horses with hindlimb lameness Dyson, 2013, 2014) suggesting that the movement of 81 the thoracolumbar region is altered by hindlimb lameness. However, we need to understand 82 better the relationship between pelvic and thoracolumbar symmetry in sound horses and those 83 with hindlimb lameness, and in particular to establish the interrelationship between the symmetry 84 and amplitude of thoracolumbar movement and the hindlimb gait under a variety of movement 85 conditions. Horses adapt to experimentally induced lameness by extending the thoracolumbar 86 region and decreasing the range of motion (ROM) of the lumbosacral segment (Gómez Álvarez 87 et al., 2008); induced epaxial muscle pain results in reduced movement of the thoracolumbar 88 region (Wennerstrand et al., 2004 (Wennerstrand et al., , 2009 ). When measuring changes in thoracolumbar dimensions 89 with a flexible curve ruler every two months over one year, it was demonstrated that the presence 90 of pre-existing lameness had a negative influence on the development of the epaxial musculature 91 (Greve and Dyson, 2015) , presumably related to reduced use of the thoracolumbar epaxial 92 muscles. 93
94
With sensitive measurement techniques one might expect to be able to measure 95 asymmetry in pelvic and thoracolumbar movement in circles in sound horses, because in circles 96 the inside and outside hindlimbs are each describing a path with a different radius. This alters the 97 symmetry in loading and push off from each hindlimb during a stride compared with moving in 98 straight lines and has been quantified in horses on the lunge . 99
100
Our objectives were to document movement of the thoracolumbar region in subjectively 101 sound horses in straight lines in hand and on the lunge, comparing left and right reins, and relate 102 these observations to the objectively determined symmetry or asymmetry of hindlimb gait. We 103 hypothesised that trotting in circles will induce asymmetry in the thoracolumbar movement 104 which is symmetrical between the left and right reins and that these changes will be associated 105 with alterations in the hindlimb gait. 106 107
Materials and methods 108
A prospective study was performed comprising sports horses, in regular work, presumed 109 by the riders to be sound. This was a convenience sample, selected based on proximity to the 110 authors. All horses were ridden by the normal rider in usual tack and had no recent history of 111 lameness or epaxial muscle pain. Age, breed, gender, height (copied from the passport), work 112 discipline and level of training or competition were recorded. The current study was approved 113 by the Ethical Review Committee of the Animal Health Trust (AHT 14.2014; 28 February 114 2014) and there was informed owner consent. 115 116
Horse inclusion criteria 117
Fourteen selected horses were sound in hand, no more than grade 1/8 lame (Dyson, 2011) 118 after flexion of a single limb, and sound on the lunge on soft and firm surfaces and ridden 119 (Dyson and Greve, 2016) . 120 121
Inertial measurement units (IMUs) 122
Objective gait assessment was performed 4 ˗14 days after the initial gait assessment. 123
Each horse was instrumented with seven MTx (18  g, 1200 degree/s) miniaturised IMUs (Xsens 124 Technologies) and one MTi-G IMU with integrated global positioning system receiver. The 125
IMUs were attached to the head (the poll, using a custom-made velcro attachment to the head 126 piece of the bridle) and to the left and right tubera coxae, over the midline of the horse at the 127 level of the tubera sacrale (MTi-G), the withers, T13, T18 and L3; the sensors were in custom-128 made pouches and attached with double-sided tape (F ball Impact Tape, F. Ball). An elasticated 129 surcingle was used to fix the wireless transmitter unit (Xbus, Xsens Technologies) to the horse's 130 body. Sensors were attached in three strings (1, head; 2, left and right tubera coxae, tubera 131 sacrale, L3; 3, withers, T13, T18) to the Xbus transmitting IMU data at a sampling rate of 100Hz 132 per individual sensor channel. 133
134

Dynamic assessment with IMUs 135
Fourteen horses selected as sound were trotted in hand on a soft surface (an indoor arena 136 approximately 25 m  60 m, with sand and fibre on a very firm base, n = 2; or with a very soft 137 base, n = 10; or an outdoor arena approximately 30 m  70 m with sand and fibre on a firm base, 138 n = 2) and then lunged on the left rein followed by the right rein using a consistent lunging 139 technique, with a lunge line attached to the inside bit ring. The handlers (selected according to 140 their familiarity with the horses) were asked to use the same lunge line with a fixed length of 5 m 141 resulting in a circle diameter of approximately 10 m. The handlers were asked to allow the 142 horses to trot in hand and on the lunge at each horse's preferred speed. IMU data were collected 143 for at least 40 strides. Notes and video recordings acquired during data collection described 144 deviations from the expected movement condition, e.g., changes in gait, speed or gait quality. If 145 a horse deviated from the required movement condition (e.g., broke into a different gait) data 146 collection was repeated. One trot trial at the horse's preferred speed on the lunge on both left and 147 right reins in trot was recorded for each circumstance. Two trials were performed in four horses 148 trotting in straight lines and up to ± 5 mm difference of the median of any outcome variable 149 between trials was achieved. The video recordings of the horses were acquired from outside of 150 the circle. Video recordings of the horses were acquired during objective data acquisition for 151 subsequent assessment by SJD. Intra-assessor repeatability of the 20 horses videoed was 152 performed three times at intervals of 2 months and 100% agreement was achieved with regard to 153 the presence of lameness (yes/no). Previous intra-assessor repeatability has been documented in 154 50 horses that were randomly selected and assessed twice in a random order at an interval of 1-4 155 months; 98% correlation was achieved for lameness group (Greve and Dyson, 2014) . 
Sample size calculation 209
Based on our hypothesis that the thoracolumbar movement symmetry will show a linear 210 association with the hindlimb symmetry, we planned a study in which regression analysis would 211 be performed for the non-directional T13 asymmetry against hindlimb asymmetry (measured as 212 HHD) for pooled data acquired in straight lines in hand and lunging. Pilot data from three horses 213 indicate that the standard deviation (SD) of HHD for all conditions pooled together was 14.1 mm 214 and the SD of the regression errors was 0.93 and the slope was -0.4. Based on this pilot data, a 215 sample size of three horses is enough to be able to reject the null hypothesis that this slope equals 216 zero with probability (power) 0.8. The Type I error probability associated with this test of this 217 null hypothesis is 0.05. 218
219
Statistical analysis 220
Descriptive analysis was carried out for outcome variables for straight lines in hand and 221 lunging. Mixed effect models were used to assess the relationship between symmetry of the 222 thoracolumbar movement amplitude between the first and second halves of the stride, surface and 223 the hindlimb gait measured as HHD, MinDiff, MaxDiff. All analyses were adjusted for the 224 clustering effect of horse. Those variables that were statistically significant at P < 0.20 were put 225 forward for inclusion in a multivariable, mixed-effects linear model. The animals ranged in age from 3 to 13 years (mean, 7 years; median, 6.5 years) and 232 comprised 10 geldings, one stallion and three mares. Horses were used for dressage (n = 12) and 233
show jumping (n = 2). Breeds represented were Warmbloods (n = 12) and ponies (n = 2). 234
Bodyweights ranged from 400 to 630 kg (mean, 564 kg; median, 590 kg) and in height from 1.48 235 to 1.74 m (mean, 1.66 m; median, 1.69 m). 236 237
Quantification of thoracolumbar movement 238
The means  standard errors for the outcome variables are shown in Table 1 . 239 240
Straight lines 241
The dorsoventral (z) displacement had two peaks per stride and exhibited a sinusoidal 242 pattern with two almost symmetrical oscillations in straight lines. The amplitude of movement in 243 straight lines was greatest at T13, with less movement amplitude cranially (withers) and caudally 244 (L3; Fig. 1a ). The dorsoventral ROM of movement ranged from 75˗125 mm for the withers, 245 94˗138 mm at T13, 92˗134 mm at T18 and 76˗122 mm at L3. In contrast displacement in a 246 lateral (y) direction had only one peak and one trough per stride. The ranges of displacement 247 were 18˗88 mm for the withers, 14˗53 mm at T13, 17˗50 mm at T18 and 19˗81 mm at L3. 248
Flexion-extension ROM was smaller than axial rotation ROM for all the sensor locations ( Fig.  249 1c˗d). Flexion-extension ROM and axial rotation ROM were greatest towards the withers. The 250 axial rotation ROM ranged from 13˗28 for the withers, 5˗14 at T13, 5˗16 at T18 and 7˗19 at 251 L3 (Fig. 1c ). The flexion-extension ROM ranged from 4˗11 for the withers, 3˗5 at T13, 2˗7 at 252 T18 and 4˗7 at L3 (Fig. 1d ). The lateral bending ranged from 6-11 for the withers, 3-6 at T13, 253
3-8 at T18 and 3-8 at L3. In straight lines, there were small asymmetries in the dorsoventral 254 movement between the two halves of the stride (at T13 the symmetry was [mean ± SD] 95 ± 4%) 255 and slightly less symmetry cranially and caudally (withers, T18 and L3 up to 94 ± 6%; Fig. 2a ). 256
The mean ± SD (range) in straight lines of the absolute pelvis MinDiff was 4.9 ± 5.3 mm (0 mm, 257 18 mm), pelvis MaxDiff was 3.5 ± 3.5 mm (0 mm, 14 mm) and HHD was 6.1 ± 5.9 mm (0 mm, 258 17 mm; Fig. 2b ). 259 260
Differences between straight lines and circles 261
Circles induced significantly greater flexion-extension ROM (mean 5.3) compared with 262 straight lines (mean 4.0) for T13 (P < 0.001), for T18 (mean circles 5.1 vs. straight lines 4.0; 263 P = 0.002) and for L3 (mean circles 7.1 vs. straight lines 5.3; P = 0.001; Fig. 1d ). Circles also 264 induced significantly greater lateral bending (mean 29) compared with straight lines (mean 8) 265
for withers (P < 0.001), for T13 (mean circles 29 vs. straight lines 5; P < 0.001), for T18 (mean 266 circles 28 vs. straight lines 5; P < 0.001) and for L3 (mean circles 29 vs. straight lines 5; P < 267 0.001). There were no differences in axial rotation ROM for any sensor location between circles 268 and straight lines (Fig. 1c) . The displacements in a lateral (y) direction were significantly greater 269 on the lunge for T13 (mean 46 mm) compared with straight lines (mean 30 mm; P < 0.001) and 270 for T18 on the lunge (mean 48 mm) compared with straight lines (mean 36 mm; P = 0.002; Fig.  271 1b). Circles did not induce any significantly different amplitude of dorsoventral displacement 272 compared with straight lines when considering the mean of the two oscillations during outside 273 and inside hindlimb stance (Fig. 1a ). However, in comparison with straight lines circles did 274 induce significantly greater amplitude of the dorsoventral movement of T13, T18 and L3 during 275 the outside hindlimb stance compared with the inside hindlimb stance (P = 0.03; Fig. 2a ). There 276 was a greater maximum displacement of T13 and T18 (Fig. 3b ) after outside hindlimb stance 277 compared with the inside hindlimb (P = 0.003; Fig. 3a ). L3 dropped less during the inside 278 hindlimb stance compared with the outside hindlimb stance (P = 0.009; Fig. 3a ). The withers 279 dropped less during the inside forelimb stance compared with the outside forelimb stance and 280 reached a higher displacement just after the inside forelimb stance compared with just after the 281 outside forelimb stance (P = 0.003). The tubera sacrale dropped less during the inside hindlimb 282 stance compared with the outside hindlimb stance in circles compared with straight lines (P < 283 0.001) mimicking a mild inside hindlimb lameness. Circles also induced a hip hike mimicking an 284 inside hindlimb lameness compared with straight lines (P < 0.001), means on circles the inside 285 tuber coxae had a greater amplitude of movement compared with the outside tuber coxae during 286 the outside hindlimb stance (HHD). However, the mean difference in the maximum displacement 287 of the tubera sacrale between left and right hindlimb stance was not significantly different 288 between circles and straight lines (P = 0.2; Fig. 2b) . 289 290
Differences between left and right reins when moving in circles 291
There were no significant differences between the side-corrected means of MinDiff or 292
MaxDiff or the means of flexion-extension ROM, axial rotation ROM, dorsoventral or lateral 293 displacement of the thoracolumbar region between the left and right reins when moving on the 294 lunge. The side-corrected pelvic MaxDiff mean ± SD on the right and left reins were 3 ± 5 mm 295 and 3 ± 8 mm, respectively. The side-corrected pelvic MinDiff on the right and left reins were 15 296 ± 11 mm and 14 ± 10 mm, respectively. The symmetry index on the right and left reins were 297 0.87 ± 0.07 mm and 0.90 ± 0.08 mm, respectively. None of these symmetry parameters on the 298 left and right reins were significantly different from each other. However, the mean ± SD of 299 HHD on the right rein (21 ± 11 mm) was significantly different from HHD on the left rein (12 ± 300 with the left rein for tubera sacrale (mean ± SD right rein 31 ± 7 vs. left rein 26 ± 3; P = 302 0.04), for T18 (right rein 31 ± 7 vs. left rein 26 ± 4; P = 0.02) and the withers (right rein 32 303 ± 7 vs. left rein 26 ± 7; P = 0.004). The data from all the horses is provided in supplementary 304 information (Appendix A). 305
306
All the horses were divided into three symmetry categories for each thoracolumbar region 307 based on the symmetry in straight lines in-hand. Horses with larger movement amplitude during 308 LH-RF stance compared with RH-LF stance in straight lines had even greater asymmetry on 309 circles on the right rein compared with symmetrical horses. Similarly horses with larger 310 movement amplitude during RH-LF stance in straight lines compared with LH-RF stance had 311 even greater asymmetry on circles to the left compared with symmetrical horses (Fig. 4) . 312
313
Association of thoracolumbar movement with pelvic symmetry 314
Looking at both straight lines and circles there was a linear association between the 315 differences in the upward movement amplitude of the thoracolumbar region (T13, T18, L3) 316 during the LH stance compared with the RH stance and the difference in the upward movement 317 amplitude of the pelvis (tubera sacrale) during the LH stance compared with the RH stance. So 318 for example, if the pelvis had less movement amplitude during the RH stance (either by dropping 319 less [MinDiff] or less upward movement [MaxDiff]) compared with the LH stance, the 320 thoracolumbar region also exhibited less upward movement amplitude during the RH stance 321 compared with the LH stance. The thoracic region was mostly sensitive to the dropping of the 322 pelvis (MinDiff) rather than upward movement of the pelvis (MaxDiff), whereas the lumbar 323 region in straight lines alone was more sensitive to upward movement of the pelvis (MaxDiff) 324 rather than dropping of the pelvis (MinDiff). Ten mm difference in the MaxDiff of both 325 hindlimbs caused 12% greater asymmetry between the first and second halves of the movement 326 amplitudes of L3 (Table 2) thoracolumbar upward movement symmetry between the left and right halves of the stride ( Table  335 3). There was also a strong relationship between movement of the tubera sacrale and the The results of our study supported the hypothesis that circles induce symmetrical 347 asymmetry between the left and right reins in the thoracolumbar movement and in the hindlimb 348 gait, with the exception of HHD, in sound horses. The hypothesis that left and right asymmetries 349 in the thoracolumbar amplitudes between the first and second halves of the stride are associated 350 with left and right asymmetries in the hindlimb gait was also supported by our findings. The 351 method used for measuring thoracolumbar movement and the hindlimb gait provided an objective 352 means of investigating the relationship between hindlimb and thoracolumbar kinematics. Several the withers, which showed up to 28° for axial rotation. This represents only ± 14°, which is quite 364 small when considering that the withers area is less 'rigid' than other sites at which 365 measurements were acquired. There were also large ranges in dorsoventral (75˗128 mm) and 366 lateral (18˗88 mm) amplitudes of movement among the horses included in the study, 367 emphasising that even within normal sound horses there is considerable variation in 368 thoracolumbosacral movement. The range of movement was slightly more in circles (up to 80 369 mm) compared with straight lines (up to 70 mm). There were considerably smaller ranges of 370 movement in six research ponies, 40-47 mm for dorsoventral and 16-37 mm for lateral 371 movement, respectively (Warner et al., 2010) . This probably reflects the different study 372 populations: ponies vs. sports horses and here the use of animals that have undergone a 373 comprehensive lameness examination including flexion tests. The inclusion of horses with 374 lameness may affect the rotational thoracolumbosacral ROM and symmetry of motion (Greve L., 375 Dyson S., Pfau T. Unpublished data). We made no attempt to scale the data between different 376 sizes of horses, but this merits further investigation. In Franches-Montagnes stallions there was a 377 similar magnitude of movement as in the current study for movement in the dorsoventral 378 direction (mean ± SD, 97 ± 9 mm) and for the movement in the lateral direction at the level of 379 the 12 th thoracic vertebra (35 ± 10 mm; Heim et al., 2015) . In the current study the greatest range 380 of dorsoventral displacement was found at T13 (94˗138 mm), which is closely related to the 381 movement of the body centre of mass (Buchner et al., 2000) . It has been previously demonstrated 382 that horses with hindlimb lameness and a convex shape at the level of T18 or T13 had a higher 383 risk of saddle slip than horses with other thoracolumbar shapes Dyson, 2013, 2014) . 384
This may reflect that the maximal range of vertical displacement and the greatest difference in 385 maximum and minimum heights between left and right halves of the stride occurs at T13, where 386 the equine body centre of mass is aligned with the rider's centre of mass (Buchner et al., 2000) . 387
In addition, in the current study the circle-induced differences in the minimum height of T13 388 during the left and right hindlimb stance phases showed an opposite pattern compared with T18 389 and L3, indicating that sound horses alter the movement of the mid thoracic region in circles 390 differently to the caudal thoracic and lumbar regions. This means that for example on the left 391 circle where the pelvis shows a higher maximum displacement during inside (left) hind limb 392 stance, potentially a sign of reduced weight bearing with the inside hindlimb, the mid thoracic 393 region shows a higher maximum displacement during outside hindlimb stance, i.e. during inside 394 For example, looking at the first row of the table: 10 mm increase in the variable ΔHHD results 788 in 5.2 mm increase in the outcome ΔDorsoventral displacement (P = 0.03) of the withers. 789 Δ, The measured mean value for straight lines subtracted from the mean value for circles; 790
Flexion-extension ROM (range of motion), the body rotation about the transverse (lateral-lateral) 791
axis; MinDiff and MaxDiff, the differences in minimum and maximum displacement of the 792 pelvis, respectively; HHD, the difference in upward movement of each tuber coxae during 793 contralateral hindlimb stance. 794 795
